Um líquido iônico imidazólio de função específica derivado do ácido kójico natural teve suas interações supramoleculares investigadas no estado sólido, em solução e em fase gasosa. Diferentes técnicas como difração de raios X de monocristal, espectroscopia de ressonância magnética nuclear (NMR), espectrofotometria UV-Vis, medidas de condutividade, espalhamento de raios X em baixo ângulo (SAXS), espectrometria de massas (tandem) com ionização por electrospray (ESI-MS(/MS)) e cálculos teóricos permitiram uma investigação estrutural aprofundada desse líquido iônico de função específica e suas interações supramoleculares. An imidazolium-based task-specific ionic liquid derived from the natural kojic acid had its supramolecular interactions investigated in solid, solution and gas phase. The use of a set of techniques formed by single-crystal X-ray diffraction, nuclear magnetic resonance (NMR) spectroscopy, UV-Vis spectrophotometry, conductivity measurements, small angle X-ray scattering (SAXS), electrospray (tandem) mass spectrometry (ESI-MS(/MS)), and theoretical calculations allowed a deep investigation of the structural organization of the task-specific ionic liquid and its supramolecular interactions.
Introduction
Ionic liquids (ILs) and task-specific ionic liquids (TSILs), especially those based on the imidazolium cation, are part of a class of attractive compounds of widespread use in many scientific and technological areas. [1] [2] [3] These organic salts have already been successfully used in the chemical industry for many years. 4 Their prominence is exemplified by many review articles recently published regarding several features of these unique chemical species. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The possibility of tuning the physical and chemical properties of ILs and TSILs associated with their attractive physicochemical properties, such as very low vapor pressure, large electrochemical window, good thermal and chemical stabilities, have also opened a wealth of other applications for these ionic materials. Despite all progress already reached by ILs, fine details about their supramolecular organization, the importance of H-bonds and a deep understanding on the directionality of imidazolium-based derivatives are only now emerging. Each IL/TSIL has unique physicochemical properties and it has been estimated that ca. 10 6 combinations of known cations and anions may afford a new type of such ionic compounds. 22 The effort towards a better comprehension on the physicochemical properties of such materials is therefore very challenging; and each new structure demands specific efforts and a set of characterizations to depict its unique structural features and properties. Despite the diversity, some general trends have been established, and it is, for instance, known that the physicochemical properties of ILs/TSILs are intimately associated with their ionic structures, 23 that is, with the net result from a combination of entropic (H-bonds and dispersive forces) and enthalpic (Coulombic) contributions. 2 Besides ionic interactions, whether supramolecular interactions also govern the organization of imidazoliumbased ILs is still hotly debated with a vast number of important contributions. [24] [25] [26] [27] [28] [29] Despite their importance, the number of significant contributions specifically discussing the supramolecular organization and interactions of TSILs is much scarcer [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] when compared to nonfunctionalized ILs. TSILs have become one of the most important strategies for furthering IL chemistry, 1 as noted for the large and increasing number of innovative applications described for these ionic compounds. [46] [47] [48] TSILs, for instance, have been successfully used to form micelles with lower concentrations when compared with the nonfunctionalized micellar agent. 30 Nanoparticle stabilizing agents, 49 oxidative desulfurization compounds, 50 organocatalysts for multicomponent reactions, [51] [52] [53] [54] reagents in Pd-catalyzed C-C bond formation, 55 asymmetric synthesis 56 and others [57] [58] [59] are also examples of the potential of TSILs. We have also explored the chemistry of TSILs applying some derivatives as catalysts for multicomponent reactions, [60] [61] [62] as ligands for organometallic investigations, 63 as reagents for organic reactions mechanistic evaluations, [64] [65] [66] as ligands for the formation of water-soluble lanthanide-based fluorescent probes, 67 and others. [68] [69] [70] Motivated by their importance, and due to limited knowledge of the organizational, supramolecular interactions and physicochemical properties of TSILs, we have recently studied the structural organization and supramolecular interactions of the TSIL 1-methyl-3carboxymethylimidazolium chloride. 71 Herein we wish to expand the knowledge of TSIL chemistry by disclosing a novel study on the supramolecular interactions and aggregate formation/stabilization of an imidazolium-based TSIL (Figure 1 ) derived from the natural kojic acid.
3-((5-Hydroxy-4-oxo-4H-pyran-2-yl)methyl)-1methyl-imidazolium chloride (MIK.Cl) is a known TSIL which we have described and used in some important catalytic transformations, such as oxidation, reduction and C-C bond formation. [68] [69] [70] Due to our interest in the chemistry of MIK.Cl, we decided to perform a comprehensive evaluation of its properties in solid, solution and gas phase interactions by using a set of techniques formed by single-crystal X-ray diffraction, nuclear magnetic resonance (NMR) spectroscopy, UV-Vis spectrophotometry, conductivity measurements, small angle X-ray scattering (SAXS), electrospray (tandem) mass spectrometry (ESI-MS(/MS)), and theoretical calculations. The structural organization and supramolecular interactions found for MIK.Cl nicely highlight the importance of H-bonds for the unique directionality of this important ionic compound, and details will be disclosed herein.
Experimental
See Supplementary Information for detailed experimental procedures, spectral data and analyses. CCDC (Cambridge Crystallographic Data Centre) 1015994 (MIK.Cl) contains the supplementary crystallographic data for this paper and the cif file can be obtained from the corresponding author.
Results and Discussion

X-ray analysis
The molecular structure of MIK.Cl has been initially investigated by single-crystal X-ray diffraction crystallographic analysis. Crystal and structure refinement data are summarized in Table 1 . Molecules packing in stacks of MIK cations and Clanions, affording an extended network of cations and anions and showing the ionic channels, are visualized in Figure 2 . Imidazolium cations are found organized through π-stacking interactions separated by 4.568(2) Å of distance. The observed imidazolium stacking is similar to nonfunctionalized ILs 72, 73 and to other TSILs, 40 but with larger distance between the imidazolium rings. The 4-pyrone ring is also significantly organized through π-stacking interactions.
From the single-crystal X-ray analysis one cation is also depicted as being surrounded by three anions and, in Solid, Solution and Gas Phase Interactions of an Imidazolium-Based Task-Specific Ionic Liquid J. Braz. Chem. Soc. 2282 turn, chlorides are surrounded by three cations (Figure 3 ). Table 2 summarizes the close contact distances and angles shown in Figure 3 .
H-bonds may be classified using the cutoff limits of 3.2 Å for distances and above 110° for angles (conservative option) as following the criteria of Steiner. 74 Using these limits, all entries (1-7) in Table 2 may still be classified as H-bonds. No cation-anion interaction is noted at the C5 position in the imidazolium ring. A strong interaction with the oxygen (C=O) of a second cation is indeed the major interaction for C2-H2 and C7-H7A (Figure 3 , right). The strongest H-bond is noted for the chloride interaction with the most acidic hydrogen (O15-H15) bearing a 2.236(4) Å of distance and an angle of ca. 174° (O15-H15···Cl16). The anion also displayed interactions with C12-H12 and C4-H4 but no interaction at all is noted at C5-H5 position, in contrast with nonfunctionalized ILs.
NMR analysis
NMR is a powerful technique for IL studies. 75 2D NMR techniques are much explored for revealing different features of IL structural organization in solution and aiming at a better comprehension of the supramolecular interactions. [76] [77] [78] Proton spin-lattice relaxation times (T1) is, 79 however, a well-known NMR technique which can be efficiently applied for the cation-anion interactions and supramolecular aggregate formation studies. T1 measurements will be directly influenced by molecular dynamics and chemical environment changes, as already established. T1 is therefore a NMR technique that can . Note that one anion is surrounded by three cations and that each cation is surrounded by three anions. Vol. 25, No. 12, 2014 be applied for critical aggregation concentration (CAC) determination, as shown for some ammonium surfactants. 80 Despite the useful information provided by T1, this technique has only been recently applied for depicting the supramolecular interactions of TSILs. 71 We have therefore performed T1 measurements to study MIK.Cl interactions. A sealed capillary tube filled with benzene-d 6 (external reference to set the scale at 7.16 ppm for 1 H and 128.4 ppm for 13 C) was used. Supplementary Information Figure S1 shows both 1 H and 13 C NMR of MIK.Cl. T1 measurements were performed in D 2 O, D 2 O:CD 3 OD (1:1 v/v) and D 2 O:CD 3 CN (1:1 v/v) to probe both the intermolecular interactions and the importance of the H-bonds for the supramolecular aggregate formation. Table 3 T1 experiments provided very elucidative data. In pure D 2 O, a transition phase for the CAC, that is, for larger supramolecular aggregate formation, is noted for concentrations a little higher than 0.6 mol L -1 . For concentrations above this transition, dipole-dipole relaxations are likely favored and therefore the observed T1 have a tendency to be lower. C(12)-H proved to be the most sensitive to the environmental changes in the structure of MIK.Cl. When the experiments were conducted in a solvent mixture of D 2 O:CD 3 OD, an almost complete disruption of the aggregation is noted. A small transition could be noted for C(9)-H ( Figure 5 ). C(12)-H and C(9)-H are both attached to the chromophore moiety (4-pyrone ring). The experiments in D 2 O:CD 3 CN showed lower CAC values and close to 0.2 mol L -1 . The hydrogens in the pyrone ring were again the most affected by the increase in the TSIL concentration. Phase transition was only noted for C(4)-H, which is the closest hydrogen in the imidazolium ring to the pyrone ring. Overall, the T1 results indicate, therefore, somehow surprisingly, that aggregate formation can be easily broken and point to an aggregation directed by the 4-pyrone ring instead of the imidazolium ring. In the UV-Vis section this feature will be once more evaluated.
The solvent effect experiments also pointed to solventseparated ion pairs when methanol (or acetonitrile) is added in the aqueous solution with MIK.Cl, in accordance with similar observations for nonfunctionalized imidazolium Chemical shifts for the imidazolium hydrogens and the other hydrogens failed to display significant changes upon increasing the TSIL concentration in the 1 H NMR spectra ( Figure S2 ). This behavior is again coherent with the observation that aggregate formation is driven through the pyrone ring instead of the imidazolium cation. When the aggregation is driven by the imidazolium moiety, chemical shift dependence of the imidazolium hydrogens and of the other hydrogens have been typically noted for ILs 73 and TSILs. 71 
Conductivity analysis
Considering conductivity measurements are straightly associated with free ions in solution, this technique has been used as a powerful tool for the investigation of ILs/ TSILs in solution, 82 especially for aqueous solutions of such ionic materials. 83 Following Kohlrausch's empirical law (Λm = Λ 0 -kC -1/2 , where C is the concentration), conductivity analysis were therefore performed and analyzed (Figure 7) 83 Table 4 reports the concentrations at which the break points (α and β regimes) occur.
Data in Table 4 show that upon increasing the organic solvent concentration the second regime of aggregation (β) is not noted anymore. This effect is more pronounced for methanolic solutions rather than for acetonitrile-containing solutions. The competitive H-bonds with methanol force the aggregates to break. On the whole, the results are also 25, No. 12, 2014 in accordance with the fact that aggregation easily takes place in water rather than in other solvents.
UV-Vis analysis
Microenvironment changes in π-conjugated systems such as imidazolium derivatives may be monitored by UV-Vis analyses. Imidazolium-based 84 (and other substances 85 Figures S3-S6 ). The second derivative from the UV-Vis spectra was applied to precisely determine l max of absorption and the shifts caused by solvent effects (ca. 225 nm for the imidazolium ring and ca. 274 nm for the pyrone ring). Determination of such values (Figure 8 ) allows a relationship between solvent effects on the l max of absorption and the shifts of wavelength through an aggregation regime to be made.
No significant changes could be noted for the imidazolium ring indicating, therefore, that aggregation is taking place preferentially through the chromophore, that is, the pyrone ring. For concentrations above 0.15 mmol L -1 , larger supramolecular aggregates may occur and shifts are noted for absorption and wavelength l max (Figure 8 ).
SAXS analysis
SAXS analysis was applied in this study aiming at understanding the local organization of cations and anions of MIK.Cl, especially because ILs/TSILs show complex local organization with self-aggregating polar and non-polar domains of nanometer size. 2 This knowledge is important particularly because the resulting ion-ion associations will have an impact on the ionic transport properties. More detailed information about the interaction of ILs/TSILs with different solvents may be Solid, Solution and Gas Phase Interactions of an Imidazolium-Based Task-Specific Ionic Liquid J. Braz. Chem. Soc. 2286 therefore obtained from SAXS analyses. Figure 9 shows a detailed data analysis regarding saturated aqueous and methanolic solutions of MIK.Cl.
Using the two phase model, 71,86-88 the length of the aggregates was obtained. The long period (L) was calculated by means of the first maximum correlation function, γ(r), corresponding to an enhancement of the most probable distance between the two centers of gravity (MIK.Cl aggregates), as recently applied for other TSIL (see details in the Supplementary Information). 71 Figure 9 indicates from the intensity values of the γ(r) function that there is a presence of semi-ordered phases for MIK.Cl in water, which is a more organized solution when compared with methanolic solution. This observation, depicted by SAXS analyses, is in accordance with the previously described techniques.
The first maximum in the experimental G(r) function can be estimated as disordered solvent-phase, represented by Lm. The model considers MIK.Cl (semi-ordered phase) structure to be surrounded by solvent (semi-ordered phase). From the subtraction of L from γ(r) and Lm (first maximum in G(r)), the value of the distance between the two scattering centers without solvent around the aggregates is obtained. The molecular lengths found were 0.70 and 2.6 nm for water and methanol solutions, respectively. Using the molecular diameter data for water, 89 0.25 nm, and 0.42 nm for methanol, 90 it is possible to determine the number of molecules neighboring MIK. Cl. The calculations revealed the presence of up to three molecules surrounding MIK.Cl for the aqueous solution and six for the methanolic solution. IL/TSIL-solvent interactions are dependent on the ligand type and its acidic strength in solution (pKa). 91 For TSILs with ligands with small pKa values, the interaction with methanol is therefore increased. 71 Despite the acidic character of MIK. Cl, it is not as acidic as other -COOH-functionalized 25, No. 12, 2014 TSILs, 71 therefore this behavior results in larger disorder of the system and contributes to an increased amount of molecules in methanolic solutions.
ESI-MS(/MS)
MS has proved to be an unsurpassed tool for the investigation of IL/TSIL structures and physicochemical properties, as reviewed elsewhere. 8 This fast, efficient and precise technique can be applied for online monitoring of ionic compositions through continuous snapshots of the species present in solution with a gentle transfer to the gas-phase. ESI-MS(/MS) has therefore acted as a bridge which connects solution and gas-phase chemistries; 92 and has been therefore used herein to investigate MIK. Cl interactions. For that, 100 mmol L -1 solutions (water, methanol and water-methanol 1:1 v/v) were directly infused and monitored online. Figure 10 shows the ESI(+)-MS spectra, whereas Figure 11 shows the respective ESI(+)-MS/MS spectra for some key species.
As Figure 10 shows, MIK cation was detected as an abundant ion of m/z 207. Two MIK aggregates were also detected and further characterized by collision-induced dissociation (CID, Figure 11 ), that is, the MIK cation associated with its zwitterionic partner (aggregate of m/z 213) and two MIK cations associated with one chlorine anion (aggregate of m/z 449), respectively. Fortunately, these unprecedented species that were likely fished out directly from solution, were also found to represent long-lived gaseous species and their structures could be investigated via CID (Figure 11) , with a dissociation chemistry that is in accordance with the proposed supramolecular structures.
In the experiments using a 100 mmol L -1 solution of H 2 O:MeOH (1:1 v/v), only the aggregate of m/z 413 could be observed, whereas the experiments with pure methanol (100 mmol L -1 solution) no aggregate could be observed (data not shown). These results are in accordance with the observations already described, indicating the preferential aggregation of MIK.Cl in aqueous solutions.
Theoretical calculations
Aiming at achieving a better understanding of the nature of the contributions for the aggregate formation of MIK.Cl, we have also performed theoretical calculations. MP2/6-311+g* level of theory was selected since we have demonstrated this to be an appropriate level of calculations for TSILs 71 (see more details in the Supplementary Information). Crystallographicallydetermined coordinates were taken frozen during all calculations, which were obtained at the MP2/6-311+G* level of theory.
Morokuma's recommendations were used for energy decomposition (deconvolution) analysis of the total energy (internal energy). The total energy (∆E) was considered as the sum of the steric (∆E steric , associated with Vol. 25, No. 12, 2014 electrostatic attraction and Pauling repulsion energies) and orbitalar contributions (∆E orb ), that is, ∆E = ∆E steric + ∆E orb . Figure 12 shows the relative energies of ion-pairing and the considered interactions, whereas Table 5 shows the relative values of ∆E, ∆E steric and ∆E orb .
To depict the orbitalar contributions, natural bond orbital (NBO) analyses were also used. Results are better visualized in Figure 13 .
NBO analyses showed to be in accordance with the other results. The strongest orbitalar interaction was noted for O2-H2A···Cl1, whereas the weakest was that related to C4-H4···Cl1.
From the single-crystal X-ray analysis, only H-bond interactions of MIK.Cl were detected. Bader's quantum theory of "atoms in molecules" (QTAIM) 93 was therefore used to evaluate the so-called "bond critical point" (BCP), that is, the point with the minimal ρ(r) value along the bond path, and the nature of the interaction (Figure 14 ). The type of interaction (H-bond, van der Waals, and so on) may be deduced by the charge density ρ(r) values, which characterize each point in space. Additional parameters, Solid, Solution and Gas Phase Interactions of an Imidazolium-Based Task-Specific Ionic Liquid J. Braz. Chem. Soc. 2290 accordance with the X-ray analysis. On the whole, the calculations showed that the electrostatic interactions play major roles for ion-pairing in the structure of MIK. Cl, but strong H-bonds play crucial roles especially for the directionality of the structure. H-bonds are also responsible for the additional structural stabilization, in accordance, therefore, with recent conclusions for ILs/TSILs. 2 Relative energies (internal energy) of cation-anion interactions for the Clanion and the MIK cation at different positions based on the X-ray structure (inset). A relative energy of 0.00 kcal mol -1 is associated with the most pronounced Coulombic interaction, whereas the relative energy of 10.77 kcal mol -1 has the most pronounced orbitalar contribution. such as the gradient of ρ(r), the Laplacian function of ρ(r), and the matrix of the second derivatives of ρ(r) (Hessian matrix) also characterize the system, as reviewed elsewhere. [94] [95] [96] [97] Popelier, 98-100 Koch 101 and others, 102 have already explored such parameters for depicting the nature of the different types of interactions. Calculations for MIK.Cl (Table 6 ) revealed that all interactions may be classified as H-bonds considering ρ between 0.002-0.035 (atomic units) and ∇ 2 ρ between 0.024-0.139 as the cutoff.
The results for QTAIM showed that interactions of MIK with the chloride anions occur via H-bonds, also in Vol. 25, No. 12, 2014 
Conclusions
The present data allowed a comprehensive evaluation of the supramolecular interactions and three-dimensional organization of the task-specific ionic liquid MIK.Cl. The use of a set of techniques formed by single-crystal X-ray diffration, NMR spectroscopy, UV-Vis spectrophotometry, conductivity measurements, SAXS, ESI-MS(/MS), and theoretical calculations has allowed proper understanding of the structural organization of MIK.Cl, revealing crucial contribution of H-bonds for the directionality and organization of its 3D structure. Preferential aggregation was also detected in water. The importance of H-bonds was pointed out by all techniques and proved to be in agreement with the aggregation behavior observed for MIK.Cl. The conclusions from this work form a baseline for future studies regarding the organizational properties and supramolecular interactions of TSILs. and this is why I chose to write about a TSIL as a contribution to the current special issue in catalysis. His contributions are outstanding not only for Brazilian science, but also worldwide. We included a picture of his last participation as examiner in a Master degree defense in the Supplementary Information, which was the first defense of a new Graduate Program (Programa de Pós-Graduação em Tecnologia Química e Biológica, PPGTQB) at the Chemistry Institute (Universidade de Brasília). Finally, I would like to add how flattered I am for contributing to the current special issue in catalysis and the possibility to honor the memory of Prof Roberto.
